Abstract-The efficiency of LED lights is approaching that of fluorescent lamps. LED light sources are finding more applications than conventional light bulbs due to their compactness, lower heat dissipation, and most importantly, real-time color changing capability. Accurate control of colors for RGB LED lights is a challenging task, which includes optical color mixing, color light intensity control and color point maintenance due to LED junction temperature change and device aging. In this paper , we present a LED junction temperature measurement technique for a pulse width modulation (PWM) diode forward current controlled RGB LED lighting system. The technique can control the color effectively without the need for using expensive feedback systems involving light sensors. Performance of chromaticity and luminance stability for a temperature compensated RGB LED system will be presented.
I. INTRODUCTION
Light-emitting-diode (LED) lightings are expected to become a major kind of light sources for the coming decades [1] . Red-green-blue (RGB) LEDs having capability of generating instantly different colors can find many applications in such areas as biomedical apparatus [2] , detector system [3] , LCD back lighting [4] , general decorative illuminations, etc. LEDs are direct band-gap semiconductor p-n junction diodes. The band-gap of the semiconductor, controlled by mixing different proportion of Ill-V elements from the periodic table, defines the light color frequency of the diode [5] . The band-gap of the LED may therefore change from time to time during operation where the junction temperature changes with power dissipation and the ambient temperature as well as device aging. Such properties impose engineering challenges in correcting color drift due to device, temperature and aging variations.
We consider the LED color control problem as a system control problem in which we aim to reduce the complexity of the control-to-output path. The non-linearity of the forward driving current to LED light and color output has been reduced dramatically using PWM control of the fixed forward current drive, resulting in a one-step calibration of the device variation compensation at maximum light intensity output. Lacking a proper method of measuring the junction temperature of the LED, a feedback system using RGB sensors has been proposed to keep track of the output light intensity for correcting the otherwise impossible to measure temperature variation [6] . However, as the feedback control uses a light intensity sensor whose value varies as the LED dims down, measuring errors can be quite large when the intensity gets small. Further, current technology using A/D converters which has a higher fractional change for less number of voltage representation makes the system less accurate for higher dimming factor. The feedback control system cannot correct the aging effect of devices as the light sensors themselves are prone to aging variation. Regular frequent calibrations are still needed for such feedback schemes. In this paper we propose a much simpler and more practical technique for color control by measuring the optical and electrical characteristics of the LED during the turn-on duration of PWM forward driving current. The forward-voltage-to-junction-temperature variation is roughly linear under fixed driving current. This property has been widely exploited for sensing the ambient temperature. Thus, temperature compensation can be achieved by detecting instantly the diode forward voltage. This paper is organized as follows. Section II gives an overview of the RGB LED color lighting system. LED diode junction temperature compensation technique is given in Section III. Implementation details of the system are given in Section IV. The performance of the proposed compensation technique is evaluated in Section V. Section VI concludes this paper.
II. OVERVIEW OF RGB LED COLOR CONTROL
The data points on the CIE 1976 chromaticity diagram shown in Fig. 1 [6] . Indirect temperature compensation techniques like sensing the temperature of the heat sink on which the LEDs are mounted [7] or the method of two-diode driving voltages [3] Fig. 5 . Three identical circuits, each resembling Fig. 5 , are used for driving the red, green and blue LED channels, the schematic of which is shown in Fig. 6 . The LED drivers are controlled by the microcontroller PIC18C1320. Fig. 7 shows a photo of the LED with the microcontroller and power converters. Fig. 8 r, g, b) is smoothened using a simple integrator formula, i.e., Vdi,current = CaVdi,measured + (1-a)Vdi,previous (6) where the current value of the digital temperature Vdi,current The computer is also connected to a spectroradiometric system from Oceanoptics Inc. to measure the absolute or relative irradiance of LED lights [8] through a USB local bus connection. Then, SpectraSuite Software calculates tristimulus XYZ, hue U'v'w', and other correlated color parameters from the spectrum distribution. The user interface panel is shown in Fig. 10 Fig. 1 . For about 50°C change in temperature of the heat sink, the position of color point on the CIE 1976 u'v' plane and the brighness in Y value are plotted in Fig. 11 and Fig. 12 respectively. The maximum color difference is 0.0041 which has been recorded for D65 white, as shown in Fig. 13 . The measurement also employs the afore-described spectroradiometric setup under the same condition so that the experimental results are consistent and reliable. The error is mainly due to the precision of the duty cycle and can be made very small by using a high bit resolution timer of the micro-controller. Users can simply input the desired color tristimulus values and then the system can automatically adjust the duty cycles of RGB LED drivers for stable color light intensity output without the use of any other devices such as sensors.
VI. CONCLUSION
Color control is an important issue in the design and manufacture of LED lighting systems. Due to device variation, aging and sensing nonlinearity, achieving color precision and standardization for large number of LEDs is often a difficult task. A temperature compensation technique has been proposed in this paper. The implementation technique is outlined and verified by some experimental data. The technique can control the color effectively, and can also dramatically reduce the complexity and eliminate the need for using expensive feedback systems involving light sensors. The system can be readily ported to a fully automatic computerized system for industrial implementation. 
